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Microtubules are polymers that cycle stochastically be-
tween polymerization and depolymerization, i.e. they exhibit
“dynamic instability.” This behavior is crucial for cell division,
motility, and differentiation. Although studies in the last decade
havemade fundamental breakthroughs in our understanding of
how cellular effectorsmodulatemicrotubule dynamics, analysis
of the relationship between tubulin sequence, structure, and
dynamics has been held back by a lack of dynamics measure-
mentswith and structural characterizationof homogeneous iso-
typically pure engineered tubulin. Here, we report for the first
time the cryo-EM structure and in vitro dynamics parameters of
recombinant isotypically pure human tubulin. 1A/III is a
purely neuronal tubulin isoform. The 4.2-Å structure of post-
translationally unmodified human 1A/III microtubules
shows overall similarity to that of heterogeneous brainmicrotu-
bules, but it is distinguished by subtle differences at polymeri-
zation interfaces, which are hot spots for sequence divergence
between tubulin isoforms. In vitro dynamics assays show that,
like mosaic brain microtubules, recombinant homogeneous
microtubules undergo dynamic instability, but they polymerize
slower and have fewer catastrophes. Interestingly, we find that
epitaxial growth of 1A/III microtubules from heterogeneous
brain seeds is inefficient but can be fully rescued by incorporat-
ing as little as 5% of brain tubulin into the homogeneous 1A/
III lattice. Our study establishes a system to examine the struc-
ture and dynamics of mammalian microtubules with well
defined tubulin species and is a first and necessary step toward
uncovering how tubulin genetic and chemical diversity is
exploited to modulate intrinsic microtubule dynamics.
Microtubules cycle stochastically between periods of poly-
merization and depolymerization, i.e. they exhibit “dynamic
instability” (1). This behavior is crucial in cell division, motility,
and differentiation.Despite the discovery of dynamic instability
more than 30 years ago (1) and fundamental breakthroughs in
our understanding of microtubule dynamics modulation by
cellular effectors (2, 3), analysis of the relationship between
tubulin sequence, structure, and dynamics has been held back
by a lack of structural and in vitro dynamics data with homoge-
neous isotypically pure engineered tubulin. Eukaryotes have
multiple tubulin genes (humans have eight - and eight -tu-
bulin isotypes) with tissue-specific distributions (4). Some
microtubules are isotype mixtures, and others are formed from
a predominant single isotype (5). Moreover, tubulin is subject
to abundant and chemically diverse post-translational mod-
ifications that include acetylation, detyrosination, phosphor-
ylation, glutamylation, glycylation, and amination (6, 7). Vir-
tually all biochemical studies have used tubulin purified
from mammalian brain tissue through multiple cycles of in
vitro depolymerization and polymerization (8). Although
tubulin is abundant in this source, the resulting material is
highly heterogeneous, being composed of multiple tubulin
isotypes bearing chemically diverse and abundant post-
translational modifications (9–11). More than 22 different
charge variants are repolymerized in random fashion for in
vitro polymerization assays (12). Thus, microtubules used
for in vitro dynamics assays have been mosaic, with random
distributions of isoforms and post-translational modifica-
tions. Moreover, this purification procedure selects tubulin
subpopulations that polymerize robustly while discarding
those that do not. Efforts to reduce metazoan tubulin het-
erogeneity exploited differences in isoform compositions
between various tissues or cell lines (e.g. avian erythrocytes
(13) andHeLa cells (14)) or the use of isoform-specific antibod-
ies for immunopurification (15). However, neither of these
approaches yielded homogeneous single-isoform tubulin.
Here, we report for the first time the expression and purifica-
tion of recombinant isotypically pure unmodified human tubu-
lin competent for in vitro dynamics assays and report its
dynamic parameters as well as cryo-EM structure at 4.2 Å res-
olution. We find that isotypically pure unmodified 1A/III-
tubulin exhibits subtle differences in dynamics when compared
with heterogeneous brain tubulin, consistent with the small
conformational rearrangements at tubulin polymerization
interfaces revealed by our near-atomic resolution structure of
1A/III microtubules. Our study establishes a system to
examine the structure and dynamics of mammalian microtu-
bules withwell defined and-tubulin species and is a first and
necessary step toward exploring the biophysical correlates
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between sequence, structure, and dynamics for mammalian
microtubules.
Experimental Procedures
Expression and Purification of Human Recombinant Tubulin
Constructs—Codon-optimized genes for human 1A-tubulin
(NP_001257328)with an internalHis tag in the acetylation loop
and a PreScission protease-cleavable C-terminally FLAG-
tagged III-tubulin (NM_006077) were custom-synthesized by
Integrated DNA Technologies and cloned into a pFastBacTM-
Dual vector as described previously (16, 17). The internal His
tag in -tubulin allowed production of an -tubulin ending in
its natural C-terminal tyrosine (17, 18). Without an affinity-
based selection for -tubulin, the final sample contains 30%
contamination with endogenous insect -tubulin species that
can be variable from construct to construct. The Bac-to-Bac
System (Life Technologies, Inc.) was used to generate bacmids
for baculovirus protein expression. High-Five or SF9 cells were
grown to a density between 1.3 and 1.6  106 cells/ml and
infected with viruses at the multiplicity of infection of 1. Cul-
tures were grown in suspension for 48 h, and cell pellets were
collected, washed in PBS, and flash-frozen. Cells were lysed by
gentle sonication in 1 BRB80 buffer (80 mM PIPES, pH 6.9, 1
mMMgCl2, 1 mM EGTA) with addition of: 0.5 mMATP, 0.5 mM
GTP, 1 mM PMSF, and 25 units/l benzonase nuclease. The
lysate was supplemented with 500 mM KCl and cleared by cen-
trifugation (15 min at 400,000  g). The crude supernatant
(supplemented with 25 mM imidazole, pH 8.0) was loaded on a
nickel-nitrilotriacetic acid column (Qiagen) equilibrated with
high salt buffer (BRB80, 500 mM KCl, 25 mM imidazole). His-
tagged tubulin was eluted with 250 mM imidazole in BRB80
buffer. The eluate was further purified on anti-FLAG G1 affin-
ity resin (Gen Script). FLAG-tagged tubulin was eluted by incu-
bation with FLAG peptide (GenScript) at 0.25 g/liter concen-
tration followed by removal of the tag by PreScission protease.
A final purification step was performed on a Resource Q anion
exchange column (GE Healthcare) with a linear gradient from
100mM to 1 M KCl in BRB80 buffer. Peak fractions were pooled
and buffer-exchanged on a PD10 desalting column (GEHealth-
care) equilibrated with BRB80, 20 M GTP. Small aliquots of
tubulin were frozen in liquid nitrogen and stored at 80 °C
until use. The purified tubulin was subjected to ESI-TOF
LC-MS analysis and detected no endogenous tubulin or post-
translational modifications (Fig. 1A). The sensitivity of our
mass spectrometric analyses is high enough to detect as little as
1% contaminating post-translationally modified tubulin spe-
cies (17). The final yield is 1 mg of 99% recombinant iso-
typically pure -tubulin per liter of SF9 cells.
Cryo-EM Sample Preparation and Data Collection—Recom-
binant human1A/III-tubulinwas polymerized at a final con-
centration of 2.5 mg/ml in BRB80 buffer (80 mM PIPES, 2 mM
MgCl2, 1mMEGTA, 1mMDTT)with 1mMGMPCPP4 or 2mM
GTP at 37 °C for 1 h. GMPCPP-boundmicrotubules were dou-
ble-cycled by depolymerizing on ice and then repolymerized at
37 °C for 1 h with an additional 2 mM GMPCPP. Stabilized
1A/III microtubules were diluted in BRB20 (20 mM PIPES, 2
mMMgCl2, 1mM EGTA, 1mMDTT) to a final concentration of
2.5 M. Human kinesin-3 motor domain (Kif1A, residues
1–361) (19) was diluted to 20 M in BRB20 with 2 mM
AMPPNP. The microtubules and motor were applied sequen-
tially to glow-discharged C-flatTM holey carbon grids (Pro-
tochips), and the samplewas vitrified using aVitrobot (FEICo.).
The presence of the kinesin motor domain allowed differentia-
tion between - and -tubulin during processing. Images were
collectedwith aDE20 direct electron detector (Direct Electron)
on a FEI Tecnai G2 Polara operating at 300 kVwith a calibrated
magnification of52,117 corresponding to a final sampling of
1.22 Å/pixel. A total electron dose of 50 e/Å2 over a 1.5-s
exposure and a frame rate of 15 frames/s was used, giving a total
of 23 frames at 2.2 electrons/frame. Dynamic microtubules
grown from GMPCPP seeds were polymerized at 2 mg/ml for
30min, kept at 37 °C throughout, and vitrified as above. Images
were collected on a FEI Tecnai T12 operating at 120 kV using a
4096 4096-pixel CCD camera (Gatan Inc.).
Data Processing for Three-dimensional Reconstruction—
Individual 2.2 e/Å2 frames were globally aligned using
IMOD scripts (20) then locally aligned using the Optical Flow
approach (21) implemented inXmipp (22). The full dose of50
e/Å2 was used for particle picking and CTF determination in
CTFFind3 (23), whereas 25 e/Å2 was used in particle pro-
cessing to center particles and determine their Euler angles.
Euler angles and shifts determined using25 e/Å2 dose were
used to generate reconstructions from either the first 25 or
12 e/Å2 of the exposure. Kinesin-3microtubules wereman-
ually boxed in Eman Boxer (24), serving as input for a set of
custom-designed semi-automated single-particle processing
scripts utilizing Spider andFrealign as described previously (25)
with minor modifications. 10,164 particles or 142,296 asym-
metric units were used in the final reconstruction, which was
assessed for overfitting using a high resolution noise-substitu-
tion test (26). Using local resolution estimates determined with
the blocres program in Bsoft, the reconstructionwas sharpened
with a B factor of 180 up to a resolution of 5.5 or 4 Å for
visualization of kinesin or tubulin densities, respectively. The
overall resolution of the reconstruction is 4.2 Å (FSCtrue, 0.143
criteria) (26) encompassing a resolution range of 3.5–5.5 Å.
The best regions of the reconstruction are within the tubulin
portion of the complex (Figs. 1B and 2) from which we built an
1A/IIImicrotubulemodel. The quality of our reconstruction
was sufficient to confirm that GMPCPP was found in the E-site
(Fig. 1C) and GTP in the N-site.
Model Building and Refinement—The polypeptide model of
the unmodified 1A/III-tubulin GMPCPP microtubule was
built directly into density in Coot (27) using PDB 3JAT (28) as a
starting model. The structure was refined under symmetry
restraints in REFMAC version 5.8 (29). Secondary structure
and reference restraints based on the high resolution tubulin
crystal structure PDB 4DRX (30) were generated with
ProSMART (31). Model building in Coot and refinement in
REFMAC were repeated iteratively until the quality of the
model and fit were optimized (supplemental Table 1).
4 The abbreviations used are: GMPCPP, guanylyl-(,)-methylene-diphos-
phonate; AMPPNP, 5-adenylyl-,-imidodiphosphate; PDB, Protein Data
Bank.
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In Vitro Microtubule Dynamics Assays—GMPCPP stabilized
seeds were prepared as described (32). The GMPCPP seeds
were immobilized in flow chambers using neutravidin as
described previously (33). The final imaging buffer contained
1 BRB80 supplemented with 1 mM GTP, 100 mM KCl, 1%
pluronic F-127, and oxygen scavengers prepared as described
(34). An objective heater (Bioptechs) was used to warm the
chamber to 30 °C. All chambers were sealed and allowed to
equilibrate on the microscope stage for 5 min prior to imaging.
Dark field imageswere acquiredevery5 s for 30min. Fordepoly-
merization rate measurements, the frame rate used was 40
frames/s. Imaging was performed on a Nikon Eclipse Ti-E
equipped with a high NA dark field condenser, a100 adjust-
able iris objective and a Hamamatsu Flash4.0 version 2 camera
with 2 2 binning. The final pixel size was 108 nm. Dark field
illumination was provided by a Lumencor SOLA SE-II light
engine. A Nikon GIF filter was used to protect the seeds from
excessive photodamage.
Dynamic Parameter Measurements—Using ImageJ, kymo-
graphs were generated from dark field images. Kymographs
were traced by hand, and dynamic parameters were calculated.
Growth and depolymerization rates were determined from the
slope of the growing or depolymerizing microtubule in the
kymographs. Catastrophe frequency was determined as
the number of observed catastrophes divided by the total time
spent in the growth phase. Extremely rare rescue events were
observed under our experimental conditions and thus were not
quantified. Meanmicrotubule lifetime was calculated as the aver-
age time a microtubule spent in the growth phase before a catas-
trophe. Mean microtubule length was calculated as the average
length amicrotubule reached before a catastrophe. The probabil-
ity of nucleationwasdeterminedbydetermining thepercentageof
seeds that nucleated in 30 min in a field of view. Dynamicity was
determinedasdefined inToso et al. (35) as the sumof total growth
and shortening lengths divided by total time.
Results
Near Atomic Resolution Structure of Single-isoform Human
1A/III Microtubules—We selected for our study 1A/III-
tubulin. III is a neuronal isoform that constitutes 25% of puri-
fied brain tubulin (10). It is expressed in non-neuronal tissues
only during tumorigenesis (36, 37). It is also the most divergent
of all -tubulin isotypes. It is highly overexpressed in non-
neuronal cells upon transformation and has been identified
as a strong prognosticator of poor clinical outcomes (37).We
expressed human 1A/III-tubulin in insect cells (16).
Through a new double-selection strategy using affinity tags on
both - and -tubulin, we produced 99% homogeneous,
modification-free, single-isotype human -tubulin, free of
contamination from endogenous insect tubulins (Fig. 1A and
see under “Experimental Procedures”) that is assembly-compe-
tent in the absence of stabilizing drugs like taxol and thus suit-
able for in vitro dynamics assays. Our tagging scheme generates
an -tubulin with a native C terminus and thus this recombi-
nant tubulin is suitable for the investigation of the effects of the
tubulin detyrosination/tyrosination cycle on intrinsic microtu-
bule dynamics and those mediated by the modification-depen-
dent recruitment of cellular effectors (38, 39).
To gain insight into the assembly properties of 1A/III
recombinant tubulin, we determined the structure of 1A/III
microtubules in complex with the GTP analog GMPCPP at
near-atomic resolution using cryo-electron microscopy and
single-particle image reconstruction (Figs. 1B and 2) (25).
There is a resolution gradient in the reconstruction, with the
best resolution (3.5 Å) within the body of the microtubule
(encompassing a resolution range of 3.5–4.5 Å, Fig. 2A).
The resolution range of the kinesinmotor domain, used to facil-
itate reconstruction, is4.5–5.5 Å. Overall, the reconstruction
has a resolution of 4.2 Å (Fourier shell correlation, 0.143 crite-
rion (26), encompassing a resolution range of3.5–5.5 Å) (Fig.
2,B andC). The reconstruction shows clearly resolved-sheets
and -helical pitch (Fig. 2, D–F). The majority (92%) of human
1A/III GMPCPPmicrotubules have 14 protofilaments, sim-
ilar to brain GMPCPP microtubules (40). The tubulin mono-
mer consists of a well folded globular core and highly negatively
charged and flexible C-terminal tails (41). The C-terminal tails
are the locus of the greatest chemical heterogeneity in tubulin.
They appear disordered in all microtubule structures to date
either because (i) they have no unique well defined conforma-
tion or (ii) defined conformations unique to particular isoforms
or post-translationallymodified forms are lost during the iterative
averagingused inEMreconstructions due to thehighheterogene-
ity of these tails in brain tubulin samples. Despite the chemical
homogeneity of our sample, there is no density attributable to
them, indicating that they are intrinsically disordered unless
engaged by an effector as seen for the tubulin tyrosine ligase like 7
glutamylase or the NDC80 complex (42–44).
Consistent with the high sequence conservation of the tubu-
lin body, our structure is similar to that of heterogeneous
mosaic mammalian brain GMPCPP microtubules, and the
overall conformation of the tubulin dimers in our recon-
struction is consistent with a GTP-like extended conformation
(Fig. 1C) (28). The backbone root mean square deviation of our
tubulin dimer model overlaid on that of the recently published
structure of mammalian heterogeneous brain GMPCPP 14
protofilamentmicrotubules is2Å. A difference in the tubulin
repeat distance is observed between 1A/III and brainmicro-
tubules as follows: 82.7  0.2 versus 83.1  0.0 Å measured
from the EM reconstruction (i.e.model-independent); 82.6 ver-
sus 83.2 Å measured by comparing models, for 1A/III and
brain microtubules, respectively (28, 45). However, the tubulin
repeat distance for the recombinant 1A/III microtubules
(82.7 Å) is roughly comparable with the repeat distance for
heterogeneous brain GMPCPPmicrotubules (83 Å), which is
more extended than that of the GDP state (81.5 Å) (28, 45).
Nevertheless, we find two subtle differences that have the
potential to impact polymerization dynamics. First, the loop
connecting helices H1 and H1 in -tubulin shifts 3 Å away
from the H1-S2 loop, which makes lateral contacts with the
M-loop (microtubule loop) of the neighboring dimer (Fig. 1, D
and E). The M-loop is a sequence element crucial to lateral
contacts between adjacent protofilaments. Strikingly, the H1-
S2, H2-S3, and M-loops are a hot spot of sequence variation
across -tubulin isoforms (Fig. 1F), consistent with the struc-
tural plasticity we observe at this interface. Second, when one
-protomer each of brainGMPCPP and recombinant1A/III
REPORT: Structure and Dynamics of Human1A/III-tubulin
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GMPCPP microtubule protofilaments are superimposed, a
clear displacement of successive recombinant 1A/III
dimers becomes apparent (Fig. 3A). This propagates from
the exchangeable GTP-site (E-site) and III-tubulin longitudi-
nal interface and results in a progressive stagger that increases
with each dimer along the protofilament, such that the first
neighboring dimer is offset by 1.7 Å (all C root mean square
deviation), the second by 3.4 Å, and so on. Together, these rel-
atively subtle structural differences could contribute to differ-
ences in dynamic properties. Interestingly, we find that at 6 M
1A/III-tubulin, 92% of 1A/III GMPCPP seeds nucleate
microtubules but only 33% brain seeds nucleate 1A/III
microtubules (Fig. 3B), suggestive of lattice mismatch effects
between the brain microtubule seed and the lattice parame-
ters of the growing 1A/III microtubule. This is consistent
with the subtle structural differences between 1A/III and
FIGURE 1. Structure of unmodified single-isoform human 1A/III microtubules. A, mass spectra and SDS-polyacrylamide gel (inset) of recombinant
human 1A/III-tubulin purified to 99% homogeneity. The experimentally determined masses for 1A- and III-tubulin were 50,477.8 and 51,163.6 Da,
respectively. The theoretical masses for 1A- and III-tubulin are 50,476.8 and 51,162.4 Da, respectively. B, cryo-EMmap (4.2 Å resolution, 2.8  contour) and
model of GMPCPP recombinant human 1A/III microtubules viewed from the lumen (three protofilaments shown). A central protofilament (Pf2) makes
lateral contacts with adjacent protofilaments (Pf1 and Pf3); -tubulin, orange, -tubulin, red (Pf1, Pf3); -tubulin, cyan; -tubulin, purple (Pf2). C, E-site in
III-tubulin shows clear density for GMPCPP and its three phosphate groups.D,model andmap of the III-tubulin lateral interface (boxed and colored as in B).
III-specific residues are in green. E, superposition of the 1A/III (colored as in B) and brain (PDB, 3JAT; atomistic models of brain microtubules use the II
isotype sequence because it constitutes 50% of these preparations (28, 44); yellow) microtubule structures; residues specific to III are in green. F, III
sequence variability concentrates at the lateral interface.Green spheresdenote residues that are different between theIII andII isotypes, themost abundant
tubulin isoforms in brain tubulin preparations (10).
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heterogeneous brainmicrotubules that we identified (Figs. 1,
D and E, and 3A). Unexpectedly, robust growth off brain
seeds at 6 M 1A/III could be rescued (from 33 to 91%) if
as little as 5% brain tubulin was added (Fig. 3B). Thus, a small
level of tubulin heterogeneity can alleviate the nucleation
defect that arises from the potential mismatch between the
lattices of the two microtubule types. Our finding has
intriguing consequences for the nucleation in vivo of micro-
tubules composed of mixtures of tubulin isoforms.
In Vitro Dynamics of Single-isoform 1A/III-tubulin—To
determine dynamic parameters of single-isoform 1A/III-tu-
bulin, we performed label-free in vitro dynamic assays using
dark fieldmicroscopy (Fig. 4 and supplementalMovies 1 and 2)
(46) so that our dynamic parameters are not confounded by
effects arising from the addition of fluorescently labeled brain
tubulin to the otherwise homogeneousmicrotubules. The1A/
III microtubules have the typical end appearance observed for
brain microtubules consisting of a mixture of short sheet-like
and blunter structures (Fig. 4B) (47). To quantify their dynam-
ics, we generated kymographs from time-lapse imaging of
dynamic microtubule assays (Fig. 4C). The growth rates at the
plus-end are 35% slower when compared with those of hetero-
geneous brain tubulin, whereas theminus-end growth rates are
statistically indistinguishable. Consistent with this, the on-rate
of 1A/III-tubulin at the plus-end is 1.8 dimers s1 M1
compared with the 3.6 dimers s1 M1 for brain tubulin (our
measurements for brain microtubules are similar to those
reported in Ref. 48). Dark field imaging allows data collection at
the high frame rates needed to determine microtubule depoly-
merization rates with high accuracy (“Experimental Proce-
dures” and see supplemental Movie 3). These measurements
revealed that 1A/III microtubules depolymerize slower than
brain microtubules (30.5  1.3 m/min versus 39.9  1.5
m/min; Fig. 4D). This suggests that microtubules with differ-
ent chemical compositions (isoform or post-translationalmod-
ifications) have the potential to generate different end depoly-
merization forces that could be harnessed to move cargo in the
cell, such as chromosomes during cell division (49).
The catastrophe (the transition between growth and shrink-
age) frequency of recombinantmicrotubules is slightly reduced
by 20 and 44% at the plus- and minus-ends, respectively, when
compared with heterogeneous brain tubulin (Fig. 4, E and F).
Interestingly, although 46% of brain microtubule exhibit
growth at their minus ends, fewer than 7% of recombinant
microtubules display minus-end dynamics under our assay
conditions. Early studies reported faster polymerization rates
for III-tubulin ( denotes here an unknownmixture of -tu-
bulin isoforms) immunopurified from brain tubulin prepara-
tions than for brain tubulin (15). Those studies also found that
III-tubulin immunopurified frombrain tubulin preparations
FIGURE 2.Data processing, map quality, and resolution determination for cryo-EM reconstruction of recombinant human 1A/III microtubules. A, local
resolutionestimates calculatedusing theBsoft programblocres (51)wereused to color theunfilteredwhole reconstructiondensity.Reddensity corresponds to3.5Å
resolution,with a continuumof colors indicating the resolutiongradient, endingwithblueat 5.5Å resolution. Tubulin is at ahigher resolution, ranging from3.5Å in
central regions to4.5Å in amore flexible peripheral surface-exposed region. Althoughused for the initial alignment, kinesin-3 is less ordered (resolutionof5.5Å)
and is excluded fromdisplay items.B, Fourier shell correlation (FSC) curves. Thegold standardnoise-substitution test (26) on thewholemicrotubule	 kinesin-3map
indicates no overfitting at high resolution and an overall resolution of 4.2 Å (FSCtrue at 0.143 cutoff). C, Rmeasure (52) fitted curves give the same resolution estimate.
Global alignment of whole movie frames improved resolution dramatically, whereas local alignment using an optical flow technique (21) yielded further improve-
ments,especially for frames fromearlydosingof thedatamostsusceptible tobeam-inducedmotion.D,higher resolution(4Å) in thetubulindimercore is supported
by clear density for the backbone andmost side chains (see also E). E, representative density for a -strand in -tubulin (top) and an -helix in -tubulin (bottom). F,
reconstructions from the first 12 e/Å2 dose data (yellow) showed improved density for some side chains when compared with the 25 e/Å2 dose data (gray),
regardlessofwhether theywereacidic. Thehighlynegatively chargedhelixH12of-tubulin is shown.Arrowheads indicateacidic sidechains that arenotable for their
different appearance in 12 and 25 e/Å2maps.
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had higher dynamicity than brain tubulin, although our mea-
surements with recombinant 1A/III show lower dynamicity
for this species than for brain microtubules (1.31  0.05
m/min versus 2.30  0.07 m/min for 1A/III and brain,
respectively; “Experimental Procedures”). However, it is impor-
tant to note that the tubulin used in these earlier studies had an
unknown -tubulin composition and a poorly defined mixture
of diverse post-translational modifications, unlike our recom-
binant tubulin, which contains a single - and -tubulin iso-
form and is unmodified (Fig. 1A and “Experimental Proce-
dures”). It is unclear at this point whether the subtle differences
in dynamics we observe between the recombinant 1A/III
microtubules and heterogeneous mosaic brain microtubules
are due to isoform differences, purification method, and/or the
abundant and diverse post-translational modifications found
on brain microtubules. Future studies with recombinantly
expressed isoforms and quantitatively defined post-transla-
tionally modified tubulin using the expression and purification
system described here will shed light on their individual contri-
butions to dynamic instability parameters.
FIGURE 3. Comparison between 1A/III and mosaic brain 14 protofilament microtubule structures. A, left panel, dimer displacement compared with the
structureofmosaicbrainmicrotubulesPDB3JAT (28)asviewed fromthemicrotubule lumen.Theboxed1A-tubulinprotomer fromthe1A/III structure (orangeC
trace)was superimposedon the-tubulinprotomer from thebrainmicrotubule structure (grayC trace).Arrows indicate thegradual increase indisplacementof the
1A/IIIheterodimersasoneadvances towardtheplus-endof theprotofilament.TheGTPandGMPCPPintheN-siteof-tubulinandtheE-siteof-tubulinareshown
as ball-and-stick. Middle panel, zoomed in view of regions highlighted by boxes in the left panel showing details of the displacement between the dimers from the
recombinant1A/III andbrainmicrotubule structures;Right panel, three1A/III heterodimerswithinoneprotofilament coloredaccording tomain chaindisplace-
ment from the brainmicrotubule structure. B, left panel,percentage of seeds that nucleatemicrotubules at 6M tubulin. Brain,1A/III,1A/III	 5%brain tubulin
elongated from brain seeds and 1A/III-tubulin elongated from 1A/III seeds. More than 100 seeds across multiple chambers were counted for these measure-
ments.Rightpanel,kymographofmicrotubulegrowthfor recombinant1A/III at5.7Msupplementedwith5%Hilyte488brain tubulin (0.3M) frombrainGMPCPP
seeds showing incorporation of the brain tubulin into the1A/III lattice.Horizontal and vertical scale bar, 5mand 2min, respectively.
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Discussion
Using our dual-tag purification system for recombinant
tubulin, we report for the first time the structure and in vitro
dynamics parameters for isotypically pure human unmodified
microtubules, an essential and important initial step in quanti-
tatively establishing the correlates between sequence and
dynamics for mammalianmicrotubules. The dual-tag selection
system is necessary as a single-tag purification strategy results
in significant levels of contamination with endogenous tubulin
(30% of insect -tubulin if -tubulin is not selected via an
affinity tag). Thus, our tagging and purification strategy allows
the characterization of both - and -tubulin engineered con-
structs. The majority of in vitro dynamics studies presently
performed use heterogeneous mosaic brain microtubules
with isoform composition and post-translational modifica-
tions different from those found in vivo, for example in an epi-
thelial cell or the axonal or dendritic compartment of a neuron.
A recent study revealed different activities of the Saccharomy-
ces cerevisiae Stu2p on yeast microtubules compared with het-
erogeneous brain microtubules (50), indicating the importance
of examining the effects of regulators with the physiologically
relevant tubulin substrate. Our study establishes a system to
examine the dynamics of mammalian microtubules with well
defined tubulin species and opens the way to study tubulin iso-
form-specific effects of microtubule-associated proteins and
motors and to uncover the tubulin sequence elements critical
for their recruitment and activation.
Author Contributions—A. R.-M. conceived the project. A. V. and
J. O. S. performed and analyzed the dynamics assays. J. A. deter-
mined EM structure, and A. S. purified recombinant tubulin. All
authors interpreted data. A. R.-M. wrote the manuscript with con-
tributions from A. V., J. O. S., J. A., and C. A. M.
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SUPPLEMENTAL TABLE 1. Refinement statistics and model geometry 
Refinement statistics and model geometry from REFMAC v5.8 (29) and MolProbity (51). 
 
Resolution for refinement 4 Å 
Map sharpening B factor -180 
FSCaveragea 0.79 
Rms deviations (bonds)(Å2) 0.008 
Rms deviations (angles)(Å2) 1.438 
Molprobity Score 1.75 (100th percentile) 
Clashscore, all atoms 7.39 (100th percentile) 
Poor rotamers (%) 1.18% 
Ramachandran plot favoured (%) 95.75% 
Ramachandran outliers (%) 0.12% 
aaFSCaverage = Σ(Nshell FSCshell)/ Σ(Nshell), where FSCshell is the FSC in a given shell, Nshell is the 
number of structural factors in the shell. FSCshell = Σ(Fmodel FEM)/(√Σ(|F|2model))√Σ(F2EM)) 
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SUPPLEMENTAL MOVIE 1 
Dynamics of recombinant human α1A/βIII microtubules imaged by darkfield microscopy. 
Dynamic recombinant human α1A/βIII microtubules at 9 µM tubulin imaged by darkfield 
microscopy. Blue marks the GMPCPP seed. Recorded at 12 frames per minute, played back at 30 
frames per second.    
 
SUPPLEMENTAL MOVIE 2 
Dynamics of heterogeneous brain microtubules imaged by darkfield microscopy. 
Dynamic brain microtubules at 9 µM tubulin imaged by darkfield microscopy. Blue marks the 
GMPCPP seed. Recorded at 12 frames per minute, played back at 30 frames per second. 
 
SUPPLEMENTAL MOVIE 3 
Depolymerizing human α1A/βIII microtubule imaged by darkfield microscopy at high 
temporal resolution. Scale bar, 2.5 µm. Recorded at 40 frames per second played back at 30 
frames per second. 	  
 
 	  
